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Surface-Geophysical Investigation of the Formerly Used
Defense Site, Machiasport, Maine, February 2003

By Eric A. White, Michael D. Thompson, Carole D. Johnson, Jared D. Abraham, Steven F. Miller, and

John W. Lane, Jr.

Abstract

Surface-geophysical surveys were conducted in February
2003 at a formerly used defense site in Maine, where residual
chlorinated solvents are affecting off-site domestic water-sup-
ply wells. The U.S. Geological Survey and Argonne National
Laboratory used surface-geophysical methods, including
ground-penetrating radar and seismic-refraction tomography, to
characterize the lithology and structure of the bedrock at the site
and to identify highly fractured areas that may provide path-
ways for ground-water flow and contaminant transport. Multi-
frequency electromagnetic and inductive terrain-conductivity
methods also were evaluated, but these techniques were
adversely affected by a nearby naval computer and telecommu-
nications station.

Interpretation of the data from ground-penetrating radar
indicates that depth to the weathered bedrock surface is approx-
imately 0.5 to 3 meters. Reflections from within the bedrock are
visible throughout all ground-penetrating radar profiles, and
zones of scattered electromagnetic energy may correlate to
zones of highly fractured bedrock. Interpretation of the data
from seismic-refraction tomography inversion indicates that
zones of relatively low seismic velocity and topographic lows
may correlate with fractured and water-producing intervals
within the bedrock. Integrated interpretation of the results from
ground-penetrating radar and seismic-refraction tomography
was used to locate boreholes along the surface-geophysical pro-
files. An integrated analysis of information obtained from the
surface- and borehole-geophysical surveys and test drilling will
be used by the U.S. Army Corps of Engineers to develop a con-
ceptual model of ground-water flow and solute transport at the
site.

Introduction

The Department of Defense is responsible for
environmental restoration of properties that were formerly
owned by, leased to, or otherwise possessed by the United
States under the jurisdiction of the Secretary of Defense. Such
properties are known as Formerly Used Defense Sites (FUDS).
The U.S. Army Corps of Engineers (USACE) manages and
directs the FUDS program, which has more than 9,000
properties identified for potential inclusion. In the 1990’s,
numerous occurrences of ground-water contamination were
found at an Air Force Radar Tracking Station near Machiasport,
Washington County, Maine (fig. 1). The site came under the

jurisdiction of the FUDS program after the Federal Aviation
Administration (FAA) found that many of the World War II-era
buildings contained asbestos insulation, lead paint, mercury,
electrical switches, and electrical transformers containing poly-
chlorinated biphenyls (PCBs). During operation of the facility,
solvents, including trichloroethylene, trichloroethane, and tetra-
chloroethane were used for automotive maintenance, paint thin-
ning, degreasing, and equipment cleaning.

In 1997, because domestic wells were determined to be
affected by fuel and trichloroethylene contamination, the Maine
Department of Environmental Protection (MEDEP) ordered the
USACE to clean up the site and provide an alternative water
supply for local residents (ABB Environmental Services, Inc.,
1997). During the clean-up effort, approximately 18,350 m>
(cubic meters) of contaminated soil were excavated and dis-
posed of off site (ABB Environmental Services, Inc., 1997).
Data on the distribution of contaminants indicated that potential
trichlorethylene source areas are present in three areas: near a
transmitter site southeast of Howard Mountain, near the radar
tracking station along the southern part of Howard Mountain,
and near a former ground/air transmittet/receiver site southeast
from the top of Miller Mountain (Weston Solutions, 2003).

Since 2000, the USACE has worked with the Restoration
Advisory Board, the town of Machiasport, the MEDEP, and
Maine’s congressional representatives to determine the steps
needed to provide remedial alternatives for the FUDS site in
Machiasport. Through a review process with MEDEP, State,
and local representatives, the USACE determined that addi-
tional subsurface information was needed to further character-
ize the bedrock aquifer (U.S. Army Corps of Engineers, 2002).
To assist in this effort, the U.S. Geological Survey (USGS) and
Argonne National Laboratory (ANL) conducted an investiga-
tion in February 2003, in cooperation with the USACE, to iden-
tify surface-geophysical methods that could provide informa-
tion for locating boreholes in the fractured-bedrock
environment that could then provide additional information
about the nature of the subsurface and the contamination. An
additional aspect of the study was to evaluate the effectiveness
of the surface-geophysical methods under winter conditions.

Purpose and Scope

This report describes the surface-geophysical methods and
data-collection efforts used at the Air Force Radar Tracking
Station FUDS site in Machiasport, Maine. Because of the site’s
proximity to the coast and a small village in Machiasport, the
site also may be known as the Bucks Harbor FUDS site. In this
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report, the term “study area,” includes all the areas around and
between Howard, Miller, and Bucks Mountains (fig. 1).

The surface-geophysical methods used in this investiga-
tion are ground-penetrating radar (GPR), seismic-refraction
tomography, multi-frequency electromagnetics (GEM-2), and
inductive terrain conductivity (EM-31 and EM-34), which mea-
sure variations in the electromagnetic, acoustic, and electrical
properties of the subsurface. The report presents interpretations
of the geophysical ddta including the depth to bedrock, loca-
tions of fractures that may be capable of transporting ground-
water contamination, and sites for exploratory bedrock bore-
holes. The report also compares the results from selected geo-
physical methods with the known mapped bedrock geology and
drilling records.

In February 2003, surface-geophysical surveys were con-
ducted to identify possible fractures that could potentially serve
as contaminant pathways in the crystalline bedrock. After pre-
liminary interpretations of the surface-geophysical data, drilling
locations were determined, and 12 boreholes (11 monitoring
wells and 1 test well) were drilled from February through May
2003. Seven of the boreholes were drilled adjacent to the sur-
face-geophysical profiles to further characterize features that
were observed in the profiles and to further describe the subsur-
face geohydrology. Drilling logs and bedrock core collected
from the boreholes were summarized by Weston Solutions
(2003). Borehole-velocity surveys were conducted in six bore-
holes along the surface-geophysical profiles; results were used
to help improve the interpretation of the seismic-refraction
tomography.

Description of the Study Area

The study area is characterized by small hills that have
been shaped by glacial and recent erosion. This created a drain-
age pattern that is oriented northwest-southeast, parallel to the
direction of glacial movement. Three major rock assemblages
are mapped in the study area (Gates and Moench, 1981). The
oldest rock exposed at land surface is a sedimentary unit in the
early Devonian Eastport Formation, present on the southern
side of Miller Mountain. The unit consists of shale, siltstone,
and fine-grained bedded tuffs, and is gray and maroon in color.
The second oldest rock is a bimodal volcanic unit in the East-
port Formation consisting of silicic members that include a rhy-
olitic eruptive unit with flow-banded stony, vitrophyre, auto-
breccia, and pyroclastic zones. Dacite and tuff breccias also are
present. This volcanic unit is the most abundant rock in the area,
and has been mapped on Howard Mountain southward and east-
ward to the coast. The bimodal volcanic units were intruded or
erupted along a fault bordering the Machias syncline.

The third major assemblage in the study area is a plutonic
igneous rock unit (Devonian age) consisting of hornblende-
bearing biotite granodiorite and quartz monzonite (a bimodal
suite of gabbro/granodiorite with quartz diorite to diorite) that
was intruded into the Eastport Formation. The granodiorite has
been mapped on the northwestern side of Howard Mountain and
on the south-southwestern flank of Miller Mountain. The unit

also has been observed to a depth of about 16 m (meters) below
land surface in core from borehole MW-14 located on the south-
southwestern flank on Miller Mountain (Weston Solutions,
2003). In addition, several Silurian-Devonian-age diabase and
gabbro dikes, sills, and irregular small plutons have intruded
into the local formations. Many of these mafic intrusions are
oriented northwest.

Large-scale regional structures include a syncline, normal
faults, and block faults. The Machias syncline, which is a post-
early Devonian, northwest-trending fold, includes the Pem-
broke Group and Eastport Formation. The Lubec fault zone, a
northeast-trending fault, was mapped offshore from the FUDS
site and is characterized by sheared and tightly folded rocks of
the Eastport and Quoddy Formations (Gates and Moench,
1981). Subsequent block faulting associated with Silurian vol-
canism created numerous northwest-trending faults. A large
normal fault transects the study area and is coincident with the
northwest-southeast trending drainage between Howard and
Miller Mountains. The fault is mapped from Howard Cove sev-
eral kilometers to the northwest. Numerous northwest-southeast
trending faults dissect the study area with scattered northeast-
southwest faulting and folding (Gates, 1981). These faults and
fractures appear to have affected the development of the surface
drainage and may have strong controls on ground-water flow
within the bedrock aquifer.

Maps of the surficial deposits indicate that most of the
study area is covered by a thin veneer of till and brown silty
sand and gravel of Pleistocene age (Borns, 1974). ABB Envi-
ronmental Services, Inc. (1995) however, indicated that the
Downeast Correctional Facility housing area, on the western
slope of Howard Mountain, is underlain by mixed fill, silt, sand,
and gravel glaciomarine deposit overlying gray glacial marine
clay. The thickness of the clay in this area ranges from at least
6 to greater than 8 m. No substantial amounts of overburden
material have been mapped in the study area.

The geophysical surveys and boreholes were focused in
three locations, which are downgradient of suspected contami-
nation source areas, and are suspected of containing locally
important fractures that have been mapped by photolinear frac-
ture-trace analysis (ABB Environmental Services, Inc., 1997).
Profiles (geophysical-survey lines) L-04, L-06, and L-07 are
hydrologically downgradient from the transmitter site, which is
on a hill west of Howard Mountain. The hill consists of glacial
and end moraine till that ranges in thickness from 0 to more than
3.5 m (Borns, 1974). The transmitter site is underlain by frac-
tured stony vitrophyric rhyolite locally intruded by northwest-
striking mafic dikes (Gates, 1981). Profiles L-08 and L-09 are
downgradient and southeast of the Air Force Radar Tracking
Station on top of Howard Mountain, which is underlain by
highly fractured banded stony rhyolite (Gates and Moench,
1981). Profile TW-1 is north of Howard Mountain. Profile L-14
is southeast and downgradient from the former ground/air trans-
mitter/receiver site, north of Bucks Harbor on Miller Mountain,
which has a thin (0 to more than 1.5 m) veneer of till and is
underlain by a granodiorite that has been intruded by diabase
dikes, and sills and dikes of gabbro (Gates, 1981).









Seismic Refraction

Seismic-refraction methods measure the time it takes for a
compressional sound wave, or seismic wave, to travel down
through layers of the earth and refract back to detectors at land
surface. By measuring the traveltime of the seismic wave and
applying laws of physics that govern the propagation of seismic
waves, the subsurface geology can be inferred (Haeni, 1988). A
sound source is used to generate the seismic wave. The seismic
energy travels into the earth and is refracted (bent towards the
slower velocity layer) at interfaces between layers with differ-
ent seismic (acoustic) velocities. In the special case where the
seismic wave has been refracted parallel to the interface (at the
critical angle), the seismic energy travels along this interface,
generating a head wave that returns to the surface. A linear array
of acoustic receivers (geophones) placed along the land surface
is used to record the traveltime of the first returning seismic sig-
nal. The seismic signal at each geophone is digitized and stored
on a computer hard drive, and a time-picking program is used to
determine the traveltime of the first returning seismic signal.
The traveltime information is plotted on a time-distance graph.
For the case of plane layer geometry, the time-distance plot
shows distinct linear segments that correspond to subsurface
layers where the inverse of the slope of the segment is equiva-
lent to the apparent seismic velocity for that particular layer.

Seismic data were collected using a 48-channel Geomet-
rics StrataView seismograph with 14-Hz (hertz) geophones.
Analog filters were used for profile L-08, where power line
noise was reduced by using a 180-Hz notch filter, and for profile
TW-1, where a 10-Hz low-cut filter was applied to reduce wind
noise. All data were recorded using a sampling rate of
4,000 samples per second, which is equivalent to a 0.25-ms
(millisecond) interval, and a record length of 256 ms.

Geophones were spaced at 1-m intervals for profiles L-04
through L-14, with shot points located at intervals of 5 m. Snow
was packed around geophones to ensure coupling with the
ground. Shot points were offset up to 30 m from the ends of the
profile, yielding a maximum shot-to-receiver distance of 78 m.
Far offset shot points were used to increase the depth from
which seismic data were collected, and reverse-spread geome-
try was used to improve the estimates of bedrock velocity. A
2-m geophone spacing was used for profile TW-1, where a
greater depth of investigation was required. The maximum
shot-to-receiver distance for profile TW-1 was 116 m. The
energy source used was a 6-kg (kilogram) sledgehammer and
metal plate, except for a few shot points on profile TW-1 where
a weight-drop source (elastic-wave generator) was used.

Data were collected in a manner consistent with ASTM
guidelines for the seismic-refraction method (American Society
for Testing and Materials, 2000). The original data are on record
at the ANL in Chicago, [Hinois. Both refractor-interface
(SIPT2) and tomographic models were constructed from the
measured traveltime data. The SIPT2 algorithm (Scott, 1977) is
used to construct earth-layer models using array geometry, first
arrival times, and layer assignments from the seismic time-dis-
tance data. The model solution obtained by the SIPT2 method
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assumes an increase in seismic-wave velocity with depth and
continuous layers. Layered models are limited by the presence
of blind zones, hidden layers, and lateral changes in velocity in
the same layer. Blind zones occur when an intermediate layer is
thinner than the overlying layer or its velocity contrast is too
small, resulting in refracted waves that are not discernible on
the seismic data. The hidden-layer problem occurs when an
intermediate layer has a lower velocity than a layer above,
which results in an overestimation of the depth to layers below
the hidden layer.

Tomographic solutions are used to construct a velocity
profile using seismic-refraction traveltime measurements, array
geometry, and other available data, such as borehole-velocity
data. The tomographic solutions provide the capability of over-
coming problems associated with blind zone and lateral discon-
tinuities, and in some cases, hidden layers. Tomography soft-
ware constructs a velocity model using the array geometry, the
first arrival traveltime data, and a starting velocity model, which
can be an average velocity, the earth-layer solution, borehole-
velocity data, or some other a priori information. The tomogra-
phy velocity model is an optimized solution that best fits the
measured arrival-time data. For the preliminary interpretation,
the earth-layer solution and average velocity models were used
as the starting velocity models. After the boreholes were drilled,
the tomographic inversions were repeated, incorporating the
borehole-velocity data into the tomographic solutions presented
in this report. Limitations of the seismic-refraction tomography
method include resolution limits based on geophone spacing,
generation of velocity gradients where discrete layers are more
applicable, and generation of a “smoothed” output required for
stability needs of the inversion. Because the method allows for
both lateral and vertical changes in the velocity field, it is suit-
able for imaging weak or fractured zones (with low velocity)
within the bedrock.

Multi-Frequency Electromagnetic Induction

Multi-frequency EM induction is used to measure changes
in electrical conductivity with depth and position. Changes in
apparent conductivity might relate to characteristics of rock
type, overburden, water quality, or fracturing. Measurements
were made using the Geophex, Incorporated GEM-2, a hand-
held, digital, multi-frequency EM-induction instrument (Won
and others, 1996). The GEM2 operates in a frequency range of
330 Hz to 24 kHz (kilohertz), and can transmit a waveform con-
taining multiple frequencies. The GEM-2 contains three coils:
transmitter (Tx), bucking, and receiver (Rx). The Tx and Rx
coils are separated by about 1.7 m. The bucking coil removes
(or “bucks”) the primary field from the receiver coil, allowing
increased gain at the Rx coil. The system has a fixed coil spac-
ing. The coils are molded into a single boom, removing poten-
tial problems associated with coil geometry. The multiple fre-
quency approach takes advantage of EM skin depth, which is
the effective depth of penetration of EM energy and is inversely
proportional to frequency. Low-frequency signals penetrate
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deeper than high frequency signals and image deeper structures,
whereas higher frequency signals penetrate a shorter distance
and thus image shallower structures. Therefore, scanning over a
range of frequencies is equivalent to depth sounding.

Inductive Terrain Conductivity

Inductive terrain conductivity is an EM method that mea-
sures the apparent subsurface electrical conductivity. An alter-
nating current in a transmitter coil induces EM fields in the
earth. The induced EM fields produce a time-varying primary
magnetic field. The primary magnetic field produces alternating
electric currents in the earth that generate a secondary magnetic
field, which is measured along with the primary magnetic field
by the receiver coil. Subsurface conductivity is affected by vari-
ations in the subsurface materials or lithology and the ionic con-
centration of the subsurface water (McNeill, 1980). Conductive
anomalies produce a strong secondary magnetic field. For
example, inductive terrain-conductivity instruments can detect
conductive features, such as landfill leachate or saltwater intru-
sion, ore bodies, or buried metal objects. These instruments also
can be used to map conductive features such as fluid-filled frac-
tures (Powers and others, 1999).

Inductive terrain-conductivity equipment consists of a
transmitting coil, a receiving coil, a control unit for each, and
intercoil cables. The coils are held coplanar at a constant offset,
and data are collected at discrete intervals along a survey line.
The transmitter-receiver midpoint is considered to be the mea-
surement location. The coils can be used in two configura-
tions—horizontal dipole and vertical dipole. In the horizontal-
dipole configuration, the coils are positioned vertically,
whereas in the vertical-dipole configuration, the coils are posi-
tioned horizontally; the axis of the dipolar magnetic field is in
the center of coil perpendicular to the plane of the coil. The
electromagnetic field is induced deeper into the ground with the
vertical-dipole configuration than with the horizontal-dipole
configuration (table 1). Increased coil spacing and more resis-
tive materials also increase the penetration depth of the induced
electromagnetic field. An inductive terrain-conductivity mea-
surement gives an average value for the volume approximated
by the distance between the two coils and the depth of the mea-
surement. In the vertical-dipole mode, the materials in the mid-
dle of the depth of penetration dominate the signal. In the hori-
zontal-dipole mode, the materials in the shallow depths of
penetration dominate the signal (McNeill, 1980). The measure-
ments are apparent conductivities rather than true conductivi-
ties, because a conductively homogeneous subsurface is
assumed (Powers and others, 1999).

For this study. two Geonics ground-conductivity meters
were used, the EM-31 with a 3.66-m coil spacing and the
EM34-XL with 20- and 40-m coil spacings. The data were col-
lected at spacings of 5-m along the profile. During data collec-
tion, the sensitivity and scale functions were adjusted to ensure
conductivity readings were taken from the upper third of the
scale (Geonics Limited, 1991).

Table 1. Approximate maximum depths of investigation using the
inductive terrain-conductivity method.

[From McNeill, 1980]

Depth of investigation, in meters

Coil spacing,
in meters Horizontal dipole Vertical dipole
EM-31—3.66 2.5 5.5
EM-34—20.0 15.0 30.0
EM-34—40.0 30.0 60.0

Direct Seismic-Velocity Measurements on Bedrock
Outcrops

Direct seismic-velocity measurements were made at two
sites at Howard Mountain on exposed outcrops of the upper-
most unit of the Eastport Formation (bimodal volcanic unit),
which is a flow-banded stony rhyolite containing vitrophyre
and autobreccia zones. The first outcrop site (OC-1) is south-
west of the Downeast Correctional Facility. The second outcrop
site (OC-2) is approximately 200 m southeast of profile L-08,
near the access road.

For the direct-velocity measurements, 40-Hz geophones
were affixed directly to the outcrop, and the distance from the
geophones to the shot point was measured. A sledgehammer
and plate were used as the energy source, and the traveltimes
were measured using a Geometrics Strataview 48-channel seis-
mograph. Data were recorded at a sampling rate of 31.25 ps
(microsecond), with a record length of 32 ms, and without ana-
log filters set. At OC-1, six geophones were spaced 3.48 to
3.75 m from the shot point, and the traveltimes were measured.
At OC-2, nine geophones were spaced 4.17 to 10.90 m from the
shot point, and the traveltimes were measured.

Borehole-Velocity Surveys

Borehole-velocity surveys, or check shots, are used to
measure the velocity of the underlying sediment and rock, and
to confirm velocity information for the seismic-refraction mod-
els. The general configuration for recording the downhole seis-
mic data consists of a borehole geophone, an impulsive energy
source, and a seismograph. A GeoStuff BHG-2, three-compo-
nent geophone with 40-Hz receiver elements, was used in the
borehole, and seismic data were recorded using an ABEM Ter-
raloc Mark 6, 24-channel seismograph using a 50-us sampling
rate and a record length of 58 ms. The downhole geophone was
moved in 1.5-m increments within the borehole. A sledgeham-
mer and plate were used as the energy source, and placed at an
offset of 1.5 m from the borehole. Three additional 30-Hz geo-
phones were placed on the ground surface at offsets of 0, 1.5,
and 3.3 m from the borehole. The surface geophones are



required to resolve any shot-timing variations that occur when
using impact sources. The fast sampling rate was required so
that very small changes of less than 0.3 ms in arrival time could
be detected. Small arrival time changes were expected due to
the presence of high-velocity silicic volcanic and crystalline
bedrock (granodiorite and gabbro), which typically transmit
compressional waves with velocities ranging from 3,000 to
7,000 m/s (meters per second).

Analysis of Surface-Geophysical Methods
and Data

Data were collected using four surface-geophysical meth-
ods to determine which individual or complementary methods
were best suited to identify areas of highly fractured bedrock at
the FUDS site in Machiasport under winter conditions:

(1) GPR, (2) seismic-refraction tomography, (3) multi-fre-
quency electromagnetic induction (GEM-2), and (4) inductive
terrain conductivity (EM-34 and EM-31). All methods were
preliminarily tested at the transmitter and radar tracking station
sites. Of the methods tested, GPR and seismic-refraction
tomography yielded usable data, and the results are presented in
this report. GPR and seismic-refraction tomography surveys
were run along six profiles. A seventh seismic-refraction
tomography survey was run along profile TW-1. The multi-fre-
quency electromagnetic induction and inductive terrain-con-
ductivity methods were largely unsuccessful because of EM
interference from a nearby naval computer and telecommunica-
tions station. The results from those surveys will not be dis-
cussed, except for the EM-31 and EM-34 surveys run along pro-
file TW-1.

Processing Ground-Penetrating Radar Data

The common-offset GPR data were processed to improve
their presentation and for interpretation. In the processed data,
reflections from the overburden-bedrock interface are more
continuous and therefore, more easily distinguished. GPR pro-
cessing was conducted using commercially available software
packages, GRADIX and IXeTerra (developed by Interpex
International, Inc., Golden, Colorado). Processing steps
include filtering, application of gain, background-removal,
migration, spatial-resampling, elevation conversion, and digiti-
zation of subsurface hyperbolic reflectors to obtain velocity
information. Two types of filtering were conducted on these
data. The first was frequency filtering to remove natural and
cultural noise as well as the direct-current (DC) shift. Noise can
be introduced into the GPR data by outside sources such as
overhead power lines, radio transmissions, and by the electron-
ics and cables of the GPR unit itself; shielded antennas were
used to minimize potential noise from the nearby radio trans-
mitter towers. The second type of filtering used was bandpass-
frequency filtering to remove frequencies less than and greater
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than the frequency range of interest (Interpex, 1996). Frequen-
cies greater than 300 MHz were removed. The bandpass filter-
ing also eliminated high-frequency components that do not con-
tain useful reflection information. Two types of gain were used
together and applied to the GPR data to compensate for attenu-
ation of the radar wave. The first gain was a linear decibel gain
translated into an exponential curve on a linear scale, which
accounts for spherical divergence; and the second was an expo-
nential gain, which accounts for absorption of the radar energy
by the bedrock. Spherical divergence occurs when a spherical
wave traveling through a medium continually spreads out, and
thus, the energy density decreases (Sheriff, 1991).The direct
arrival of the radar wave was removed through a process called
background removal. Background removal is useful for reveal-
ing the near-surface reflectors that may be obscured by the
direct arrival of a radar wave. Migration also was performed on
the GPR data to convert the vertical axis from time to depth.
The GPR data were spatially resampled to display the horizon-
tal axis as distance. Elevation information was collected and
applied to the GPR profiles. Digitizing subsurface hyperbolic
reflectors requires GPR reflections from point reflectors that
result in a hyperbolic pattern on the radar record. This informa-
tion is used to find the depth to the reflector when a distance
along the ground and two-way traveltime to an object is known.
For this investigation, hyperbolic fitting was conducted on all
GPR profiles, and a uniform radar velocity of 95 m/s was calcu-
lated for both overburden and bedrock. This velocity was used
to convert traveltime to an approximate depth after migration
was performed.

Processing and Modeling Seismic-Refraction Data

Seismic-refraction data were processed and modeled to
develop velocity-depth profiles for each survey line using two
different methods: (1) an earth-layer model (SIPT2) and (2) a
tomographic inversion method (GeoCT-II). The results were
compared with outcrop and borehole-velocity measurements, as
well as lithologic data obtained from drilling. The velocity and
lithologic data were used to guide the interpretation of the
resulting SIPT?2 earth-layer and tomographic models, and were
required to resolve the top-of-rock interface on the tomographic
models for all profiles except L-08. Consistency between inde-
pendent measures of velocity, such as refraction-derived and
borehole-derived velocity provides a measure of confidence in
the estimated subsurface velocity structure.

No borehole-velocity data were obtained along profiles
L-07 and L-09. As a result, the overall similarity to the other
profiles, as well as the lithologic information, were used to
interpret the seismic data. For profile L-08, the borehole veloc-
ity was incorporated using the “soft” control feature of GeoCT-
IT. In this case, a large damping factor was applied to the esti-
mated borehole velocities in the tomographic inversion; conse-
quently, the velocities of the resulting tomogram and the bore-
hole-derived velocities may differ. The agreement between the
tomographic solution and the borehole results can be assessed if
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it is assumed that there is little change in subsurface character
away from the borehole where the model is not influenced by
the borehole control.
The refraction data were processed by:
1. Verifying the shot timing using the air-coupled seismic
event;

2. Picking the first arrival time of the return energy at each
geophone for each shot;

Assigning array geometry to the traveltime data;

4. Inverting the traveltime information for velocity and
depth using layered earth (refractor interface) modeling
(SIPT2);

5. [Inverting the traveltime data into a velocity depth cross
section using a tomographic modeling package (GeoCT-
I1); and

6. Comparing the resulting velocity structures with the
direct outcrop measurements and borehole velocity
surveys.

Earth-layer (refractor interface) models were generated
using the SIPT?2 (version 2.3) seismic-refraction software pro-
duced by RimRock Geophysics (1992). SIPT?2 is based on the
modeling code of Scott (1977). The model output consists of
discrete layers of constant velocity, from which the underlying
geology is interpreted. The algorithm uses the delay-time
method of Pakiser and Black (1957) to calculate depth and posi-
tion of refracting horizons. A ray-tracing algorithm is then
applied, which overcomes difficulties associated with dipping
or undulating horizons and further refines the generated refrac-
tion model.

Tomographic inversion was performed using the GeoCT-
IT (version 2.1) software package produced by GeoTomo LLC
(2002). GeoCT-II performs a non-linear inversion to construct
a velocity model using traveltime measurements for many shot-
receiver combinations. Starting from an initial model, the inver-
sion iteratively updates a velocity model using the inversion
algorithm described in Zhang and Toksoz (1998) and Zhang
and others (1998). In the inversion process, the model uses val-
ues of slowness, which is the inverse of velocity. A conjugate-
gradient algorithm seeks to identify the model that minimizes a
composite objective function of three terms: (1) the least-
squares misfit between measured and predicted average slow-
ness values, which are defined as traveltime divided by raypath
length; (2) the least-squares misfit between measured and pre-
dicted apparent slowness values, defined as the derivative of the
traveltime curve with respect to offset distance; and (3) a mea-
sure of solution complexity based on Tikhonov regularization.
Whereas most inversion methods minimize a two-term objec-
tive function including (1) and (3), the approach used here
includes information (2) about the shape of the traveltime curve.
Zhang and Toksoz (1998) demonstrated the effectiveness of
this approach for reducing the problem of model ambiguity.

To test the robustness of each solution, tomographic inver-
sions were performed for a suite of initial models for each pro-
file. The initial models included two- or three-layered starting

models constructed from the traveltime versus offset data; the
SIPT2 model solutions; a generic model with a uniform vertical
gradient from 1,000 to 6,500 m/s and no horizontal structure;
and uniform velocity fields of 1,500 and 3,500 m/s. In general,
the tomographic inversions resolved the same gross velocity
structure regardless of starting model; the only major differ-
ences occurred near the model edges where geophone and shot
coverage were sparse. Tomographic inversions obtained using
the SIPT?2 solution as the starting model are presented.

For each profile, the tomographic algorithm was allowed
to iterate 10 to 15 times until the root-mean-square (rms) error
between the calculated and measured traveltimes approached
the 0.5- to 2-ms noise level calculated from the reciprocal times
and estimated from the traveltime picks. For most profiles, there
was little change in model output after seven or eight iterations.
Further refinement of each tomographic model was performed
using an a priori constraint, which preserves the velocity curva-
ture (second order derivative) of the initial model, and tends to
sharpen the tomographic image.

For all profiles, the model cell spacing was half of the geo-
phone spacing (0.5 m for profiles L-04 through L-14; and 1 m
for profile TW-1). The X/Y (number of horizontal cells versus
vertical cell) smoothing ratio ranged from 2 to 4, where the
greater the X/Y ratio, the greater the amount of horizontal
smoothing. Smoothing control was set to 0.1, which allowed for
a “rougher” model, though the inversion was terminated when
the rms-misfit error approached the noise level as discussed
above.

The seismic data are presented using a common contour-
coloring scheme, where magenta to blue colors represent rela-
tively low velocities, and red to white colors represent relatively
high velocities. In general, the lowest velocities occur in the
unsaturated, unconsolidated sediments, and the highest veloci-
ties are observed in the solid crystalline bedrock. Shown on
each profile are the locations of adjacent boreholes with bore-
hole-velocity measurements and lithologic contacts noted.
Highly fractured, saturated, crystalline rock has a velocity
higher than overburden, but lower than velocities in unfractured
rock.

Analyzing Multi-Frequency Electromagnetic Induction
and Inductive Terrain-Conductivity Data

Data collected using the multi-frequency electromagnetic
induction and inductive terrain-conductivity methods generally
were unusable. The GEM-2, EM-31, and EM-34 instrument
responses were adversely affected by a very-low frequency
(VLF) transmitter station located across the bay in Cutler,
Maine, and by the low terrain conductivities associated with the
shallow high silica-bearing volcanic and intrusive rocks in the
Machiasport area. The transmitter at the naval computer and
telecommunications station in Cutler has an output of 2 million
W (watts) and operates in a frequency range of 14 to 60 kHz,
which interfered with the GEM-2, EM-31, and EM-34. Also,
the regional ground conductivity in the Machiasport vicinity is









On the GPR profiles, the bedrock surface was interpreted
as the high amplitude, most continuous reflector positioned just
above less continuous reflectors. The interpreted overburden-
bedrock interface is shown with a red trace line on the GPR pro-
files. The less continuous reflectors are interpreted as fractures
in the bedrock below the overburden. The resolution of the GPR
data is estimated to be about 0.25 cm (centimeter), one-quarter
of the wavelength of the EM wave.

From the seismic data, SIPT2 modeling produced two- or
three-layered models. The bottom layer was interpreted as com-
petent bedrock; the interface between the bottom layer and the
layer above it is shown as a black line. In the two-layered mod-
els, the upper layer is interpreted as overburden. In the three-
layered models, the upper two layers have velocities below
1,900 m/s, and both layers were interpreted as overburden or
unconsolidated sediment. For the three-layered models, the
upper layer could be interpreted as unsaturated overburden and
the second layer as saturated overburden. Another interpreta-
tion could be that the upper layer in the three-layered models
contains more soil or organic matter than the middle layer.

The seismic-tomography inversions produce a profile of
seismic velocity versus depth. Variations in velocity were inter-
preted as changes in the competency of the underlying rock.
The seismic tomography inversions were not able to directly
define the bedrock interface. Based on borehole-velocity sur-
veys across the overburden-bedrock contact in boreholes MW-
4, MW-6, MW-8b, and MW-14, the overburden-bedrock inter-
face was interpreted to be present within the velocity gradient
ranging from 1,700 to 2,600 m/s. A yellow trace was drawn
along the 2,100-m/s velocity contour on each profile and is the
interpreted position of the top of bedrock. Regions of low veloc-
ity in the seismic tomography profiles were interpreted as zones
containing more fractured bedrock.

In theory, the tomographic models should have a horizon-
tal resolution equal to twice the geophone spacing; however, the
modeling algorithm applies a horizontal smoothing operator to
avoid discontinuities in the velocity field. Therefore, the hori-
zontal resolution of the seismic data is estimated at 3 to 4 times
the geophone spacing, giving a horizontal resolution of about 3
to 4 m for profiles L-04, L-06, L-07, L-08, L-09, and L-14, and
about 6 to 8§ m for profile TW-1. The vertical resolution is esti-
mated at 3 m based on the gradient that is modeled across the
observed overburden-bedrock interface.

The borehole velocities are estimated to have a vertical
resolution of about 1.5 m in the upper 5 to 7 m of the subsurface.
This resolution most likely decreases with depth.

Profile L-04

Profile L-04 (fig. 1) is on Howard Mountain, southwest of
the transmitter site, and extends from southeast to northwest.
Borehole MW-4 is approximately 70 m from the southeastern
end of the line.
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Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results are shown in appendix 1a. GPR data were collected from
100 to 270 m along the profile. The red trace line is the inter-
preted top of bedrock surface. Overburden along this profile
ranges in thickness from approximately 0.8 to 1.5 m. The bed-
rock surface is interpreted as fairly nonuniform because of the
discontinuous nature of the reflector. High-amplitude reflectors
from within the bedrock are visible throughout the profile and
are interpreted as broken sections of less competent rock. A
prominent zone of high-amplitude reflections is present from
about 150 to 180 m along the profile. This zone was interpreted
as a highly fractured zone in the bedrock, and based on this
interpretation of the GPR data, borehole MW-4 was drilled at a
point 64 m from the southeastern end of the profile at the
170-m location. The coring log indicates that 2.7 to 8.2 m below
land surface, the bedrock is vitrophyric rhyolite; below 8.2 m,
the bedrock is a flow-banded vitreous stony rhyolite and vitro-
phyre (Weston Solutions, 2003).

Borehole-velocity survey. The velocity-survey data from
borehole MW-4 are shown in appendix 1b, along with the
approximate depth limit (about 16 m) of the seismic-refraction
model constructed for profile L-04 and the relevant geologic
interfaces. The total range of velocities computed from the
MW-4 data is from 400 to 5,000 m/s. The uppermost 10 m of
the log indicates a zone of increasing velocity (from about
400 to 4,100 m/s), which corresponds to a change from overbur-
den sediments to mafic dike material and then to flow-banded
rhyolite and vitrophyre. These bedrock velocities are low rela-
tive to the velocities determined from the outcrop measure-
ments (table 2), but are indicative of highly fractured rock. The
low velocities from 5 to 10 m below land surface are consistent
with results of rock coring, which showed that the core was
highly fractured (Weston Solutions, 2003).

The borehole-velocity log below the 10-m depth shows
that the velocity ranges from 4,000 to 5,000 m/s. These veloci-
ties also are lower than the outcrop velocities, likely due to the
fractured nature of the bedrock in MW-4. A zone of slightly
lower velocity, at a depth of 14 to 20 m below land surface (at
an elevation from 45 to 51 m), correlates with a more highly
fractured section of the borehole. The traveltime and velocity
data place the top of competent bedrock at approximately 3.5 m
below land surface; this is consistent with the drilling record,
which gives the top of competent bedrock at a depth of 2.9 m.
This interface corresponds to a change in velocity from about
1,500 m/s above the interface to about 2,440 m/s below the
interface.

Seismic-model results. Seismic-tomographic and earth-
layer (SIPT2) model results are shown in appendix lc. A three-
layer model was used for the SIPT?2 solution. The SIPT2 model
interfaces are labeled with a gray line at the land surface, a green
line at the top of the second layer, and a black line at the top of
the bedrock layer. The corresponding layer velocities are
labeled on the plot. The vertical strip at 170 m is the color-con-
toured velocity log for borehole MW-4, with the driller’s depth
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to competent bedrock indicated by the horizontal yellow bar.
The yellow trace line along the 2,100-m/s velocity contour is
the interpreted position of the top of bedrock.

The upper layer of the earth-layer model was modeled with
a velocity of 670 m/s with the intermediate layer resolved to a
velocity of 1,200 m/s. One interpretation is that these two layers
represent unsaturated and saturated sediments, respectively.
The basal layer is interpreted as competent bedrock due to the
relatively high velocity of 5,200 m/s. The SIPT2 modeled
velocities are consistent with the MW-4 borehole-derived
velocities of 450; 1,500 to 2,500; and 3,500 to 5,000 m/s for
the corresponding SIPT2 layers.

Velocities obtained with the tomographic model are gener-
ally consistent with the borehole-velocity survey and SIPT2
model, though the tomographic solution indicates more vari-
ability within the bedrock. The velocities range from 2,500 to
more than 5,000 m/s, with prominent zones of relatively low
velocity centered at 158, 180, and 193 m along the profile.
These lower-velocity zones are interpreted as decreases in the
competency of the bedrock. The velocity survey for borehole
MW-4 also indicates a similar change in velocity across the
overburden-bedrock interface, from less than 2,000 m/s above
the interface to more than 2,400 m/s below the interface.

The overburden sediments are interpreted to vary in thick-
ness from approximately 2 m near the 192-m location on the
profile up to 5 m at the 130-m location. The bedrock surface
rises near the middle of the profile where the tomographic
model shows the greatest degree of lateral variability in the bed-
rock. Two possible borehole locations were selected along this
profile, with the final position of MW-4 placed where the GPR
data also indicated more complexity in the bedrock. The slight
rise in the bedrock surface modeled at the southeastern end of
the model is supported by the shallow overburden-rock inter-
face indicated in borehole MW-2 (located approximately 10 m
southeast of the profile).

Integrated Interpretation

Combined interpretation of GPR and seismic-refraction
tomography data indicates that the low-velocity zone in the
seismic-refraction tomography cross section at approximately
170 m correlates to a zone interpreted as highly fractured bed-
rock in the GPR cross section. The depth to bedrock in the GPR
profile was fairly uniform ranging from 0.8 to 1.5 m below land
surface. The seismic-refraction tomography indicated a depth to
bedrock ranging from 2 to 5 m below land surface. The velocity
data from borehole MW-4 shows a zone of higher velocity at
about 9 m below land surface, which is interpreted as a possible
textural variation in the bedrock. This contact was confirmed in
the natural gamma, optical, and acoustic imaging logs (Weston
Solutions, 2003). The lithologic contact and velocity contrast
occurs between the mafic dike and an underlying flow-banded,
stony rhyolite and vitrophyre.

Profile L-06

Profile L-06 (fig. 1) is on Howard Mountain, southeast of
the transmitter site. The profile, oriented north-northeast south-
southwest, was conducted to look for structures within the bed-
rock that run parallel to the northwest-trending faults mapped in
the study area and downgradient from the transmitter site. Bore-
hole MW-6 is approximately 87 m from the northeastern end of
the line at a position 187 m along the profile.

Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results for profile L-06 are shown in appendix 2a. The inter-
preted bedrock surface is superimposed on the GPR records.
Overburden thickness is fairly uniform at about 1 m over the
length of the profile; the bedrock surface is fairly nonuniform.
Reflections in the bedrock indicate competent rock and depths
of penetration of about 4 to 5 m, which is among the deepest of
the GPR profiles, with uniform attenuation.

High-amplitude reflectors within the bedrock are visible
throughout the GPR profile and are interpreted as broken sec-
tions of less competent rock. The bedrock along profile L-06
has been mapped as stony rhyolite and vitrophyre. The GPR
signal is highly diffracted at approximately 235 m along the
profile, suggesting that the bedrock is highly fractured or
faulted at that location. One reflector is nearly vertical, and dif-
fractions from this reflector are visible on the GPR record to a
depth of approximately 12 m below land surface. The drilling
log from MW-6 indicates that the weathered bedrock surface is
at a depth of approximately 1.1 m, which is consistent with the
GPR results.

Borehole-velocity survey. The velocity-survey data from
borehole MW-6 are shown in appendix 2b, along with the
approximate depth limit of the seismic-refraction model con-
structed for profile L-06 and the relevant geologic interfaces.
The total range of velocities computed from the MW-6 data is
400 to 5,600 m/s. The upper 3 m of the log (from land surface
to 3 m below land surface) gives a low velocity of less than
2,000 m/s. Below a depth of 5 m, the subsurface velocities
increase to approximately 4,500 m/s at a depth of about 10 m,
and range from 3,400 to 5,600 m/s. A zone of relatively low
velocity 3,700 m/s, is observed at a depth from 17 to 19 m and
may correspond to a fracture zone that yielded approximately
1 L/min (liter per minute) of water during drilling of MW-6
(Weston Solutions, 2003). Using only the arrival time and
velocity data for interpretation, the top of competent rock would
probably be placed at approximately 3.5 m below land surface
at the location of MW-6 (elevation of 64 m). The driller’s record
indicates competent rock at a depth of 1.2 m below land surface.

Seismic-model results. The earth-layer and seismic-
tomographic models constructed for profile L-06 are shown in
appendix 2c, as well as the velocity log (color-contoured verti-
cal strip) for MW-6. The yellow trace line corresponds with the
interpreted bedrock position from the tomographic model



(2,100 m/s trace line). The drilling record indicates a depth of
approximately 1.1 m to the top of weathered rock at MW-6, as
indicated by the yellow horizontal bar labeled “Rock.”

A two-layered solution was required for the SIPT2 model.
The upper layer was modeled with a velocity of 1,700 m/s and
corresponds to overburden sediment including unsaturated and
saturated sediments. The lower layer is interpreted as competent
bedrock, because of its high velocity of 5,270 m/s. There is
good correlation between velocities in borehole MW-6 and the
SIPT2 model, with the borehole survey indicating velocities
ranging from 1,500 to 2,600 m/s, and from 3,500 to 5,000 m/s
for the corresponding SIPT?2 layers. The SIPT2 model indicates
the bedrock surface at a depth of 8.7 m below land surface,
which is deeper than actually indicated by the driller’s log. One
explanation is that the modeled refractor corresponds to a more
competent zone within the bedrock than what was observed in
the core. This is corroborated by the velocity survey in MW-6
where velocities higher than 3,500 m/s were measured at a
depth of approximately 5 m below land surface. The tomo-
graphic model shows lateral changes in velocity near borehole
MW-6. The variations in velocity are interpreted as changes in
the competency of the underlying bedrock. The top of bedrock
was interpreted as the 2,100-m/s velocity-contour line. This
interpretation is supported by the borehole-velocity survey in
borehole MW-6, which indicates velocities less than 2,000 m/s
above the overburden-rock interface, and velocities more than
2,400 m/s below the interface.

The interpretation of the seismic-tomographic data indi-
cates the overburden thins towards the southwest from approx-
imately 6 m thick at the north-northeast end of the profile to
about 2 to 3 m at the south-southwest end. The top of bedrock
was modeled at an average elevation of approximately 63 m,
with local topographic changes of 1 to 2 m. The upper part of
the interpreted bedrock shows lateral variation in velocity from
relative lows of 2,800 m/s to more than 5,000 m/s. Two poten-
tial drilling locations were identified along profile L-06. One
location was at a distance of about 130 m on the profile and cor-
responded to subtle changes in GPR character. The second pro-
posed location, at 187 m along the profile, corresponded to lat-
eral changes in the seismic and GPR data.

Integrated Interpretation

The depths to bedrock determined by using the GPR and
seismic-refraction methods differ by approximately 2 m at
MW-6; the shape of the interpreted contact between the over-
burden and bedrock differ in details. The seismic model predicts
a greater depth to bedrock towards the north-northeast than does
the GPR. A steeply dipping fracture at approximately 235 m on
the profile was imaged with the GPR survey but not with the
seismic-refraction survey. This reflector is nearly vertical and
diffractions from this reflector are visible on the GPR record to
a depth of approximately 12 m below land surface. The reflector
is interpreted as a fracture. A borehole was not installed at this
location to confirm the interpretation of this feature.
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Profile L-07

Profile L-07 (fig. 1) is on Howard Mountain, southwest of
the transmitter site. The profile, oriented southeast to northwest
was conducted to look for structures within the bedrock that are
downgradient from the transmitter site. Borehole MW-7 is at
approximately 175 m on the line.

Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results for L-07 are shown in appendix 3a. The interpreted bed-
rock surface is indicated by a red trace. Overburden along this
profile ranges in thickness from approximately 0.7 to 1.8 m.
The thickness of the snowpack at the time of data collection
ranged from approximately 0.4 to 2.5 m along the profile.
Hence, the depths to reflectors in the GPR record are actually
greater than the depths from land surface.

Reflections from within the bedrock are visible throughout
the profile. The GPR signal was highly diffracted at intervals of
100 to 115 m, 130 to 175 m, and 255 to 320 m along the profile,
suggesting the presence of highly fractured bedrock. Another
very narrow zone of highly diffracted signal was identified at
180 m along the profile. The drilling log from MW-7 indicates
a depth of 0.2 m to weathered bedrock and 0.6 m to competent
bedrock (Weston Solutions, 2003). Considering the depth of the
snowpack at that location (about 0.4 m), the GPR interpretation
is consistent with the drilling log.

Seismic-model results. Seismic-tomographic and earth-
layer (SIPT2) model results are shown in appendix 3b. The
interfaces for the three-layered SIPT2 model are included on the
profile. The SIPT2 model layer interfaces are drawn as a green
trace line for the top of the second layer and as a black trace line
for the top of the bedrock, with the corresponding layer veloci-
ties labeled. The interpreted bedrock surface from the tomogra-
phy solution is marked by the yellow trace line, which corre-
sponds to the 2,100-m/s velocity contour. Also shown are the
positions of boreholes MW-2, which was drilled prior to this
investigation, and MW-7, which was drilled after the surface-
geophysical data were collected.

The SIPT2 solution required a three-layered model using
velocities of 850 (layer 1), 1,830 (layer 2), and 4,200 m/s (layer
3). One interpretation is that the upper two layers represent
unsaturated and saturated sediments, respectively. The velocity
computed for layer 2 is consistent with velocities obtained for
the upper 3 m in borehole MW-4 (which is approximately 170
m to the northwest). Layer 3 is interpreted as representing com-
petent rock because of its relatively high velocity. Depth to the
layer 3 (competent rock) ranges from approximately 5 m below
land surface near 125 m along the profile to less than 2 m below
land surface at 180 m along the profile from the southeast end
of the profile. The depth and velocity of layer 3 are consistent
with borehole-velocity survey results in boreholes MW-4 and
MW-6.
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The tomographic solution shows abrupt changes in the
velocity that are interpreted to represent changes in the compe-
tency of the rock. The yellow trace line (coincident with the
2,100-m/s velocity contour) is interpreted to represent the top of
a transition zone from weathered to more competent rock.
Velocity surveys in boreholes MW-4 and MW-6 document an
increase in velocity from approximately 2,400 m/s to more than
3,800 m/s in the upper 3 to 6 m of the bedrock.

As modeled, the top of bedrock rises to near land surface
between profile distances of 170 and 220 m. The drilling log for
borehole MW-7 (175 m) indicates the top of weathered bedrock
at a depth of approximately 0.2 m below land surface. Borehole
MW-2 (approximately 5 m perpendicular to the profile at 225
m) indicates a shallow depth to bedrock (less than 1 m). Highly
fractured and broken bedrock was observed cropping out at hor-
izontal distances from 195 to 200 m along the profile, further
corroborating the presence of bedrock near land surface. The
zones of low velocity modeled within the bedrock at both ends
of the bedrock rise probably are artifacts from the inversion.

In the tomographic model, the bedrock surface is inter-
preted to deepen to approximately 4 m below land surface
towards the northwest, which is consistent with the modeling
results for the southeast end of profile L-04. The bedrock sur-
face deepens from a topographic high towards the southeast to
an average depth of 3 m below land surface, with local varia-
tions in topographic relief of 1 to 1.5 m.

Integrated Interpretation

The seismic-refraction method was used to identify the
depth to bedrock along profile L-07, which was very near to the
land surface at the two borehole locations along the profile. The
GPR data indicated the possibility of densely fractured bedrock
where there were numerous diffractions in the radar signal
occurred; however, no low-velocity zones were identified at the
same locations in the seismic record. The high-velocity zone
located at about 200 m along the seismic tomography profile
may correlate to reflectors from fractures in more competent
bedrock visible at about 200 m along the GPR profile.

Profile L-08

Profile L-08 (fig. 1) is south of Howard Mountain, east of
the transmitter site and south of the radar tracking station. The
profile extended from the southwest to the northeast and was
hydrologically downgradient of the surface drainage between
the two peaks of Howard Mountain. The profile was designed
to look for structures within the bedrock that are parallel to
faults mapped within the study area and downgradient from the
transmitter and radar tracking station sites. Borehole MW-8b is
approximately 105 m from the southwest end of the profile at
205 m.

Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results are shown in appendix 4a. The interpreted bedrock sur-
face is indicated by a red line. Overburden thickness is fairly
uniform at about 1 m over the length of the profile. High-ampli-
tude reflectors from within the bedrock are visible throughout
the profile and are interpreted as broken sections of the less
competent rock. Distinct high-amplitude reflectors extend from
about 105 to 135 m along the profile at depths of about 5 to 6 m
and 7 to 10 m below land surface, and appear to dip towards the
southwestern side of the profile. Less prominent, nearly hori-
zontal reflectors are present near 145 to 160 m along the profile
at depths of about 5.5 and 6.5 m below land surface. A topo-
graphic high in the GPR profile near 175 mis caused by a buried
pipe. Near the northeastern end of the profile, from 210 to
215 m, high-amplitude reflectors that have an apparent dip to
the northeast can be traced.

Core logs and geologic mapping indicate that the bedrock
in this area is a zone of stony rhyolite and vitrophyre (Weston
Solutions, 2003). The drilling log from MW-8b indicates that
the weathered bedrock surface is at a depth of approximately
0.9 m below land surface, and the competent bedrock is at a
depth of about 1.1 m below land surface at 205 m along the pro-
file, which is consistent with the GPR results.

Borehole-velocity survey. Velocity information for bore-
hole MW-8b is shown in appendix 4b, with the approximate
depth limit of the seismic-refraction model indicated. The total
range of velocities computed from the MW-8b data is from 600
to 4,800 m/s. Low velocities are computed for the upper 1.5 m
of the borehole, intermediate velocities of 2,000 to 3,000 m/s
are computed for the 1.5- to 6.0-m depth range, and high veloc-
ities of more than 4,000 m/s for below 6 m in depth. These tran-
sitions in velocity are interpreted as representing the velocity
changes from unconsolidated sediments to weathered rock to
competent rock with increasing depth. Based solely on the
arrival-time curve, the top of competent rock is interpreted to be
approximately 1.5 m below land surface, which is very close to
the 1.1 m indicated by the driller’s log for MW-8b.

The borehole-velocity survey shows a break in slope of the
traveltimes between 36 and 38 m in elevation. The data for the
reference geophone (gray curves) show a similar break in trav-
eltime, which indicates a timing problem with the triggering
system. This break was partially corrected during processing, as
indicated by the corrected traveltime curve (red); however, the
resulting low-velocity zone near 36 m in elevation is most likely
an artifact of the timing break.

Seismic-model results. The seismic-tomographic model
results for profile L-08 are shown in appendix 4c. The velocity
log from MW-8b is shown as a color-contoured vertical strip at
approximately 205 m on the profile, and uses the same color
scheme as the tomographic model. The black trace line is the
interpreted top of competent rock computed from the SIPT2
model, and the yellow trace line is the 2,100-m/s velocity con-
tour from the tomographic solution. The relatively high bedrock



velocities in the model are consistent with direct measurements
at OC-2, which is approximately 200 m south of the profile.

A two-layered model was required for the SIPT2 solution
with a velocity of 1,120 m/s for the upper layer and 4,950 m/s
for the lower layer. The upper layer is interpreted as undifferen-
tiated and unconsolidated sediments. The velocity of the upper
layer, which is bounded by the gray line on top and the black
line on the bottom of the profile, is most likely an average of
velocities for unconsolidated sediment and weathered rock. The
second layer is interpreted as competent rock. The top of the
bedrock (layer 2 in the SIPT2 model) at MW-8b is modeled at
approximately 4.5 m in depth, which is considerably deeper
than the 1.1-m depth indicated by the driller’s log. The SIPT2
depth and velocity however, are consistent with the borehole
logging results for MW-8b, where velocities more than
3,500 m/s occur at depths greater than 5 m below land surface.

Velocity results obtained from the tomographic modeling
are consistent with the SIPT2 model for the first 90 m along the
profile (from the southwestern end). In general, the black SIPT2
line is between the 2,100-m/s velocity contour and the
3,500-m/s contour. Northeast of the 190-m location, the SIPT2
and tomographic models diverge, with the tomographic model
indicating a greater depth to the top of the high-velocity mate-
rial (greater than 3,500 m/s). The pinnacle feature observed in
the tomographic model at borehole MW-8b is a processing arti-
fact caused by restricting the tomographic solution to retain the
velocities from the borehole-velocity survey. Without the MW-
8b velocity constraints, the tomographic model would indicate
a much greater depth to rock. The yellow trace line, which is
coincident with the 2,100-m/s velocity contour, is interpreted as
the top of bedrock. The 2,100-m/s contour corresponds to a
change from less than 2,000 m/s (unconsolidated overburden)
to greater than 2,400 m/s (bedrock) observed in the borehole-
velocity logs for the Howard Mountain area boreholes (MW-4,
MW-6, and MW-8b).

Using the 2,100-m velocity contour in the tomographic
model, the bedrock surface is modeled at a depth of 1 to 2 m
below land surface between profile distances of 110 and 168 m.
These interpreted depths are consistent with the drilling log
from the abandoned borehole MW-8a, where weathered rock
was encountered at a shallow depth (less than 1 m) (Weston -
Solutions, 2003), and consistent with the GPR interpreted depth
to weathered rock. In addition, the zone of relatively low veloc-
ity near a distance of 115 m at 40-m elevation is in the approx-
imate position of the (apparent) southwestward dipping reflec-
tors observed on the GPR section.

Northeast of 168 m, the interpreted bedrock surface deep-
ens to approximately 5 m below land surface near the profile
distance of 185 m. At 205 m, the model forces the bedrock to a
depth of 1.1 m, because the borehole-velocity model constraints
from MW-8b were used. Northeast of MW-8b, the bedrock sur-
face again deepens to about 5 m at a distance of 215 m, and rises
to a depth of about 3 m below land surface at the northeast end
of the profile. The 1.4-m depth to bedrock, indicated by drilling
results for borehole FAMW-002 (at the 185-m location), is
much shallower than the depths modeled in the tomographic
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and SIPT?2 solutions, which were 5 and 6 m below land surface,
respectively. It is unclear why the tomographic and SIPT2 mod-
els indicate a deeper interface for the top of bedrock in this part
of the profile. Re-examination of the first-arrival time picks,
shot-receiver geometry, and recorded data, with a remodeling
of the seismic data, did not appreciably change the initial model
results. The 1,300-m/s velocity contour more closely matches
the depth to bedrock indicated by the

FAMW-002 and MW-8b boreholes.

Integrated Interpretation

Combined interpretation of GPR and seismic-refraction
tomography data identified three structural features. The first
feature is between 110 and 125 m on the profiles at a depth of
about 7 m below land surface. The feature is characterized by
high-amplitude radar reflections from bedrock fractures and by
a low-velocity zone in the seismic model. The second feature is
between 140 and 155 m along the profile at a depth of approxi-
mately 7 m below land surface, and is characterized by a low-
amplitude, discontinuous reflection in the GPR record and by a
low-velocity zone in the seismic model. The third feature is
between 210 and 215 m along the profile at a depth of approxi-
mately 2.5 m below land surface, and is characterized by a high-
amplitude, discontinuous reflector in the GPR record and by
low velocities in the seismic model. Collectively these charac-
teristics indicate fractured zones in the bedrock.

Profile L-09

Profile L-09 (fig. 1) is on Howard Mountain southeast of
the radar tracking station. The profile was oriented northeast to
southwest, and was designed to look for structures within the
bedrock that are parallel to faults mapped within the study area
and downgradient from the radar tracking station. Borehole
MW-9 is 200 m from the southwestern end of the profile.

Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results are shown in appendix 5a. The red trace line is the inter-
preted top of bedrock surface. Overburden along this profile
ranges in thickness from approximately 0.5 to 1.0 m. Reflec-
tions from weathered bedrock are visible throughout most of the
profile. The drilling logs from MW-9 indicate the bedrock is
1.1 m below land surface.

Three zones of high-amplitude reflections observed in the
bedrock are at intervals from 105 to 125 m, from 145 to 160 m,
and from 165 to 200 m along the profile. These zones are inter-
preted as places where the bedrock is highly fractured near the
bedrock surface.

Seismic-model results. Tomographic and earth-layer
(SIPT2) results for the seismic modeling of profile L-09 are
shown in appendix 5b. A green trace line for the intermediate
interface and a black trace line for the lower interface mark the
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SIPT?2 refractor surfaces. The velocities for the SIPT2 models
are labeled in appendix 5b, as are the position of borehole MW-
9 and the depth to bedrock found during drilling (horizontal yel-
low line). In the tomographic model, the interpreted top of bed-
rock is indicated by the yellow trace line, which corresponds to
the 2,100-m/s velocity contour in the tomographic solution.
Low-velocity, highly weathered rock was observed in the
upland area in the northeast section of the profile from 100 to
180 m.

The presence of the sharp break in topography near 190 m
required breaking the SIPT2 model into two sections. The
SIPT2 models on both sides of the break in topography required
three-layered solutions. On the northeastern side of the profile,
the upper two layers had velocities of 900 and 1,900 m/s. On the
southwestern side of profile L-09, the upper two layers had
velocities of 1,350 and 1,405 m/s. One interpretation is that the
upper two layers of the SIPT2 model represent unsaturated and
saturated sediments. The third layer in the SIPT2 model was
modeled using a velocity of 3,000 m/s in the upland region and
using a velocity of 4,975 m/s in the southwestern and lower part
of the profile. The third layer is interpreted as bedrock. On the
southwestern side of the profile, the depth to competent bedrock
was noted as 1.1 m below land surface at MW-9 in the drilling
log (Weston Solutions, 2003) and 1.5 m below land surface at
borehole STMW-001 (U.S. Army Corps of Engineers, 2003),
about 7 m south of the profile. These depths are shallower than
that indicated in the SIPT2 model, which gives 7 m at a profile
distance of 196 m. One possible explanation is that the SIPT2
model has not adequately corrected for the topographic break
between distances of 175 and 195 m.

Velocities obtained from the tomographic solution are in
rough agreement with those computed with the SIPT2 method.
As with the other profiles, the top of competent rock is inter-
preted to correspond with the 2,100 m/s-velocity contour (yel-
low trace line). The bedrock surface is observed within 1 to
1.5 m of land surface in the upland area between 90 to 180 m,
with an increase in depth to 4.0 m near 155 m. Southwest of the
topographic high, the bedrock surface is modeled at approxi-
mately 3.5 m below land surface. The overburden layer then
begins to thin between distances of 205 and 210 m along the
profile. The position of this break is consistent with the change
in bedrock elevation observed on profile L-08 (approximately
100 m to the south, appendix 4c).

Integrated Interpretation

Because profile L-09 is near the top of Howard Mountain,
the area is exposed to high winds which prevents the accumula-
tion of aeolian deposits. In addition, recent demolition activities
have reworked much of the thin overburden deposits. As a
result, the thickness of the overburden ranges from approxi-
mately 0 to 1 m.

Zones of high-amplitude reflections in the bedrock on the
GPR profile correspond to thick regions of low velocities (blue)
on the tomographic model at intervals from 105 to 120 m,

145 to 165 m, and 175 to 200 m along the profile. These zones
are interpreted as areas of highly fractured bedrock near the sur-
face. A substantial lithologic contact was observed in the bore-
hole-geophysical logs at a depth of approximately 23 m below
land surface, between stony rhyolite and the underlying mafic
intrusion. This contact was not imaged by the GPR, which did
not return a signal from that depth, or by the seismic-refraction
tomography. Borehole-velocity data were not collected in bore-
hole MW-9. Acoustic imaging logs indicate the upper part of
borehole MW-9 is moderately fractured, which is consistent
with the interpretations of the seismic and GPR surveys.

Profile L-14

Profile L-14 is on Miller Mountain southeast of the former
ground/air transmitter/receiver site (fig. 1). The profile was ori-
ented from west-southwest to east-northeast and was designed
to look for structures within the bedrock downgradient from this
site. Borehole MW-14 is at a distance of approximately
152 m on profile L-14.

Ground-Penetrating Radar and Seismic Surveys

Ground-penetrating radar. Ground-penetrating radar
results are shown in appendix 6a. The red trace line is the inter-
preted bedrock surface. Sections of the GPR profile were col-
lected along a driveway at a distance of 100 to 165 m and
208 to 217 m along the profile. Overburden along this GPR pro-
file ranges in thickness from approximately 2.3 to 2.7 m. The
drilling logs from MW-14 indicate that the weathered bedrock
surface is at a depth of approximately 3.7 m, which is deeper
than the interpreted GPR bedrock depth. The bedrock interface
is discontinuous and somewhat irregular. Reflections from
within the bedrock are visible throughout the profile.

Borehole-velocity survey. Results of the velocity survey
in borehole MW-14 are presented in appendix 6b, with the trav-
eltime and depth curve shown in the left panel and the velocity
and depth curve shown in the right panel. The horizontal blue
bar indicates the approximate depth limit of the seismic-refrac-
tion model. The MW-14 survey yielded some of the highest
velocities for the borehole surveys in the study area, with a total
velocity range of 670 to 6,100 m/s. The highest velocity mea-
sured in MW-14 is comparable to the outcrop velocity measure-
ments made at OC-1 and OC-2.

Low velocities of less than 2,500 m/s, were observed in the
upper 5 m of the log. Below 5 m, the subsurface velocities
average approximately 5,300 m/s and ranged from 4,500 to
6,100 m/s. Based on the time and depth plot, the top of compe-
tent rock is interpreted to be approximately 4.5 m below land
surface at an elevation of 25 m, which is consistent with the
drilling log that identified competent rock at 4 m below land
surface. A lithologic contact was observed in the drilling log
between the granodiorite and underlying gabbro at approxi-
mately 16.5 m below land surface (12.4 m above NAVD 1988),



which appears to coincide with a change in the borehole
velocity from approximately 5,000 to 6,000 m/s.

Seismic-model results. The seismic-modeling results are
shown in appendix 6¢c. The SIPT2 modeled layers are shown as
a green trace line for the intermediate interface, and a black
trace line for the bottom interface. SIPT2 layer velocities are
labeled, as is the interpreted position of bedrock. The velocity
log for borehole MW-14 is shown as a color-contoured strip
using the same color-contouring scheme as the seismic tomo-
gram. The yellow trace line represents the interpreted top of
bedrock in the tomographic model.

The survey was split at 150 m into two profiles for the
SIPT2 modeling, which required a two-layered solution in the
west-southwestern part of the profile, and a three-layered solu-
tion in the east-northeastern part of the profile. The uppermost
layer of the eastern part of the profile was modeled using a
velocity of 660 m/s and is interpreted to correspond with uncon-
solidated soil and peat units, which have very low velocities.
The second layer for the eastern part of the profile and the top
layer for the western part have velocities near 1,075 m/s, which
correspond to undifferentiated glacial deposits. The bottom
layer has velocities of 4,020 and 4,980 m/s, which is interpreted
as competent rock.

The tomographic model compares favorably with the
interpreted bedrock surface in the SIPT2 and borehole-velocity
models. The only discrepancies in bedrock velocity were near
borehole MW-14 (in the interval from 135 to 160 m on the pro-
file) where the tomographic model indicates velocities of 2,700
to 3,200 m/s for the bedrock, which is considerably lower than
the measured velocities of 3.500 to 5,500 m/s in borehole MW-
14. The difference is explained as modeling and (or) errors
associated with picking the first arrival traveltimes. Both the
SIPT2 and the tomographic models predict an increase in veloc-
ity at the approximate depth where competent rock was encoun-
tered. Also, the granodiorite-gabbro contact is at an elevation of
approximately 13 m (appendix 6b), a point at which the tomo-
graphically defined velocities begin to increase. A low-velocity
zone correlates to a prominent fracture and lithologic change at
a depth of 16.5 m below land surface. Higher velocities are
observed above and below the fracture zone.

The seismic model indicates an increase in overburden
thickness to the east-northeast with a bedrock rise that peaks
near adistance of 215 m, which is near the access road to Miller
Mountain. Rock outcrops were observed northwest of borehole
MW-14. Observations by USACE geologists and anecdotal evi-
dence from local residents indicate that rock was blasted for
construction of the access road, which also indicates that the
bedrock is near the surface at this location.

Integrated Interpretation

A zone of high-amplitude reflections in the bedrock
between about 130 and 145 m on the GPR profile corresponds
to a region of low velocities (purple and blue) on the seismic-
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tomographic model at about 137 to 152 m along the profile.
This zone is interpreted as a region of highly fractured bedrock.

The borehole-velocity survey conducted in borehole MW-
14 shows the presence of low velocities from 0 to 2.0 m below
land surface. This correlates to overburden in both the GPR and
seismic-refraction cross sections. Both the GPR and seismic-
refraction data show that the overburden layer continues from
160 m to the end of the line to the east-northeast A discrepancy
in the thickness of this zone exists however, between the GPR
and seismic-refraction tomography cross sections. The GPR
shows this zone to be of nearly uniform thickness of approxi-
mately 2.7 m. The seismic-refraction tomography cross section
indicates that this zone is approximately 2.8 m thick at 160 m
along the profile and increases in thickness to approximately
7.5 m at a distance 175 m along the profile. At 210 m, the thick-
ness of the overburden zone reduces to approximately 2.9 m,
and increases in thickness to approximately 8.1 m at a distance
of 230 m on the east-northeast end of the profile.

The upper part of borehole MW-14 was highly fractured
(Weston Solutions, 2003), which is consistent with the interpre-
tations of the GPR and seismic-refraction surveys. A distinct
change in rock type and a large fracture were identified at a
depth of 16.5 m below land surface in MW-14. The seismic-
refraction survey showed a low-velocity zone at depth near
MW-14.

Profile TW-1

Profile TW-1 (fig. 1) is north of Howard Mountain and
north of the radar tracking station. The profile extends from the
north to south and is on the ocean side of a local drainage divide.
The profile was designed to look for ground-water production
zones within the overburden and bedrock. Borehole TW-1 was
drilled at a profile distance of 185 m. Based on the natural
gamma-log response, the borehole penetrated a mostly mafic
intrusive unit with small amounts of rhyolite to a depth of
42.7 m below land surface. The remainder of the borehole pen-
etrated rhyolite. The caliper and acoustic televiewer logs show
a highly fractured borehole in the depth interval from 33 to 43
m below land surface. The fractures in this zone strike north-
south + 15 degrees and dip 55 to 85 degrees (Weston Solutions,
2003).

Seismic Surveys

Borehole-velocity survey. The velocity survey for bore-
hole TW-1 is shown in appendix 7a, with the approximate depth
limit of the seismic-refraction model indicated at 50 m below
land surface. Velocities range from 400 to 6,100 m/s, with low
velocities (less than 3,000 m/s) dominating the upper 20 m of
the log. Deeper than 20 m below land surface, velocities aver-
age around 4,500 m/s and range from 3,050 to 6,100 m/s. The
higher velocities are consistent with the direct outcrop measure-
ments made at OC-1 and OC-2.
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Based on the arrival-time curve (approximately
1,900 m/s), the top of bedrock is interpreted to be approximately
15 m below land surface, which is consistent with the 14.5-m
depth indicated on the drilling record. Drilling logs indicate a
change from unconsolidated Pleistocene clays to stony flow-
banded rhyolite and vitrophyre. The top of competent rock is
interpreted from the velocity curve where velocities increase
above 3,000 m/s. The interpreted bedrock surface is approxi-
mately 0.5 m deeper than the top of bedrock determined in drill-
ing logs. The upper 10 m of the rock column (0 to 10 m eleva-
tion) show an increase in velocity with depth from approxi-
mately 1,500 m/s at the driller’s contact (14.5 m below land sur-
face) to approximately 4,000 m/s about 10 m below the contact
(24.5 m below land surface). This zone is interpreted to corre-
spond to a decrease in weathering and (or) fracturing with
depth; this interpretation is supported by caliper and acoustic
televiewer results (Weston Solutions, 2003).

Seismic-model results. The seismic-modeling results are
shown in appendix 7b, with the SIPT2 refractor interface indi-
cated by a green trace line for the top of the second layer and a
black trace line for top of the bedrock surface. The velocities
calculated for the model layers are labeled. The velocity log for
borehole TW-1 is shown as a color-contoured strip using the
same color scheme as the tomography model. The yellow line
corresponds with the 2,100-m/s velocity contour and represents
the interpreted top of the bedrock surface.

The SIPT?2 solution for this profile was separated into two
lines for the intervals from 105 to 195 m and from 195 to 295 m
on profile TW-1. Each of the SIPT2 models required three-layer
solutions. The average velocities were 640 m/s (layer 1),

1,766 m/s (layer 2), and 4,370 m/s (layer 3). One interpretation
is that the upper two layers represent unsaturated and saturated
sediments. The upper two layers are interpreted to represent
undifferentiated alluvium and Pleistocene units. The velocity
computed for layer 2 ranges from 1,672 to 1,860 m/s, and is
slower than data obtained from the velocity survey. The dis-
crepancy in velocities likely reflects the inability of the SIPT2
program to handle lateral changes or vertical gradients in veloc-
ity. The results of the SIPT2 model indicate a slightly higher
velocity on the northern half of the profile for layer 2 compared
to the southern half, possibly indicating higher clay content in
the northern part of the profile. The third layer is interpreted as
competent rock based on the modeled velocities of 3,860 and
5,080 m/s.

The tomographic solution shows gradational vertical and
horizontal changes in velocity for the depth interval equivalent
to the SIPT?2 overburden layers (1 and 2). Overburden was mod-
eled in the tomographic model using velocities that range from
2,100 to 2,400 m/s for the northern third of the profile in the
interval 90 to 160 m, which is consistent with that measured in
borehole TW-1. In the southern two-thirds of the profile, from
positions 180 to 295 m, overburden velocities range from 1,300
to 1.600 m/s, which is consistent with sand. The borehole seis-
mic velocities obtained in borehole TW-1 were not used to con-
strain the seismic-refraction tomographic inversion.

The yellow trace line along the 2,100-m/s velocity contour
is the interpreted position of the top of the bedrock based on
borehole-velocity surveys across the overburden-bedrock con-
tact in boreholes MW-4, MW-6, MW-8b, and MW-14, The
tomography model did not resolve the low velocities measured
just below the overburden-bedrock interface in borehole TW-1.
The bedrock surface is interpreted to average 15 m in depth
below land surface. Over the length of the profile, the land-sur-
face topography has an overall 5-m decrease in elevation
towards the south. A slight rise in the bedrock surface is mod-
eled near position 155 m along the profile.

EM-31 and EM-34 Surveys

Results from surveys using the EM-31 vertical dipole, and
EM-34 vertical and horizontal dipole at 20- and 40-m coil spac-
ing, are shown in appendix 7c. The bulk conductivity of the sed-
iments underlying profile TW-1 ranged from 5.5 to 16 mS/m.
The EM-31 results are best interpreted to represent the thick-
ness of saturated sediments, with the highest conductivities near
the center of the profile where standing water was observed.
The EM-34 results with the 20-m coil spacing show a smaller
range of conductivities (5.5 to 12 mS/m) with a similar trend, as
compared to the EM-31 data, though less pronounced, in the
horizontal dipole data. The response of the vertical dipole is
slightly different, which may reflect some influence from the
deeper clay or bedrock units. No substantive information
regarding the bedrock can be inferred from this data set.

Data collected with the EM-34 using a 40-m coil spacing
proved unsuitable and exhibited noise spikes up to nearly
15 mS/m above a mean value of approximately 5 mS/m. The
horizontal-dipole data showed less noise, but still proved
unsuitable for mapping bedrock features at this site.

Summary and Conclusions

In February 2003, the U.S. Geological Survey and
Argonne National Laboratory, in cooperation with the U.S.
Army Corps of Engineers, conducted surface-geophysical sur-
veys as part of an ongoing investigation of the Air Force Radar
Tracking Station formerly used defense site at Machiasport,
Maine. Multiple surface-geophysical methods were used to
characterize the lithology and structure of the bedrock aquifer,
and to locate sites for exploratory drilling. The surface-geo-
physical methods include ground-penetrating radar (GPR), seis-
mic-refraction tomography, multi-frequency electromagnetics
(GEM-2), and inductive terrain conductivity (EM-31 and EM-
34). Preliminary interpretations of the surface-geophysical pro-
files were used to locate boreholes used for this investigation.
Seven boreholes were drilled adjacent to the profiles to further
characterize the features that were observed in the profiles and
to further describe the subsurface geohydrology. The data were
then interpreted in an integrated fashion to improve the overall
interpretation of the surface-geophysical data.



Six GPR surveys and seven seismic-refraction surveys
were collected on two mountains at locations downgradient
from three suspected contaminant sources. Bedrock near pro-
files L-04, L-06, L-07, L-08, and L-09 consists of a rhyolitic
eruptive unit with flow-banded stony, vitrophyre, autobreccia,
and pyroclastic zones. Dacite and tuff breccias also are present.
Bedrock near profile L-14 consists of granodiorite overlying
gabbro. Both bedrock environments are highly fractured. Bed-
rock near profile TW-1 is a mostly mafic intrusive unit with
slivers of rhyolite to a depth of about 40 m below land surface
and above rhyolite.

Integrated Results of Geophysical Investigations

The GPR and seismic-refraction data were interpreted to
estimate depth to bedrock, which might identify the topographic
expression of fracture zones; identify locations of fractures that
may be capable of transporting ground-water contamination;
and optimize sites for exploratory bedrock boreholes. Estimates
of depth to bedrock estimated by the different methods for bore-
hole locations along the profiles are shown in table 3. For com-
parison, the table includes depths to weathered and competent
bedrock interpreted from the drilling logs (Weston Solutions,
2003) and the depth to bedrock interpreted from the borehole-
velocity surveys. The depth to bedrock interpreted from the
GPR data is most likely the depth to weathered bedrock,
because the largest electromagnetic property contrast is at the
overburden-bedrock interface. The seismic-tomography mod-
els were not able to directly define the bedrock surface. The
overburden-bedrock interface was interpreted to occur within
the velocity gradient ranging from 1,700 to 2,600 m/s, based on
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the results of the borehole velocity surveys. The 2,100-m/s
velocity contour interval was considered to be the top of bed-
rock in the tomographic solutions.

Profiles L-04, L-06, and L-07 are downgradient of a sus-
pected contaminant source near the transmitter site on Howard
Mountain. Profiles L-04 and L-07 are oriented northwest-south-
east in an effort to identify northeast-trending fractures; profile
L-06 is oriented south-southeast to north-northeast to identify
southwest-west to northeast-east trending fractures. The depth
to bedrock interpreted from the GPR ranges from 0.9 to 1.6 m
on profiles L-04, L-06, and L-07. For profiles L-04 and L-06,
the interpreted depth to bedrock at the borehole on the profile is
slightly less than the depth from the drilling logs. The GPR pro-
files for all three lines showed that the bedrock surface is fairly
discontinuous. From 2 to 5 m below the overburden-bedrock
interface, many reflections are observed from fractures or
weathering within the bedrock. The depth to bedrock inter-
preted from the seismic refraction tomography inversions is 3.1
to 4.0 m below land surface, which is deeper than the bedrock
surface identified in GPR and drilling log data.

Combined interpretation of the GPR and seismic-refrac-
tion tomography data for profile L-04 indicates that a low-
velocity zone in the seismic-refraction tomography cross-sec-
tion at an approximate distance of 170 m correlates to a zone
interpreted as highly fractured bedrock in the GPR cross-sec-
tion. Borehole-geophysical logs from MW-04, installed at posi-
tion 170 m, are consistent with the surface-geophysical inter-
pretations. Borehole-imaging logs indicate highly fractured
rock to a depth of about 9.5 m below land surface, and most of
the fractures have an east-west strike and dip to the north or the
south.

Table 3. Depth to weathered bedrock and competent bedrock from exploratory drilling, ground-penetrating radar, and seismic-refraction
surveys, Air Force Radar Tracking Station formerly used defense site, Machiasport, Maine.

[Depths are from data or interpreted data for the location of the given borehole. All distances and depths in meters. Height of measuring point is relative to land
surface. --, no data; WBR, weathered bedrock; CBR, competent bedrock; GPR, ground-penetrating radar]

Depth
Distance Borehole .
Soshoeilr oo odies o SR S S
survey (CBR) (CBR)
(CBR})
MWwW-4 170 2.0 29 1.5 3.5 5.5 3.5
MW-6 187 11 1.2 9 35 8.7 3.1
MwW-7 175 2 .6 1.6 -- 33 4.0
MW-8b 205 9 1.1 9 1.5 4.5 1.9
MW-9 200 -- 1.1 5 -- 7.8 6.1
MW-14 152 3.7 4.0 2.7 45 3.0 3.5
TW-1 185 -- 14.5 -- 15 15 15

Data from Weston Solutions (2003)
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For profile L-06, a steeply dipping feature identified at
approximately 235 m on the survey line was imaged with the
GPR survey but not with the seismic-refraction survey. This
reflector is nearly vertical, and diffractions from this reflector
are visible on the GPR record to a depth of approximately 12 m
below land surface. This reflector is interpreted as a fracture. A
borehole was not installed at this location for further character-
ization of this feature; however borehole MW-6 was installed at
alow-velocity zone in the seismic record and diffractions can be
seen in the GPR record at 187 m along the profile. During drill-
ing, MW-6 yielded a substantial amount of water.

On profile L-07, the GPR data indicated the possibility of
highly fractured bedrock where numerous diffractions occurred
in the radar signal; however, no low-velocity zones were iden-
tified at these same locations in the seismic record. The high-
velocity zone at about 200 m along the seismic-tomography
profile may correlate to reflectors from fractures in more com-
petent bedrock visible at about 200 m along the GPR profile.
Borehole-geophysical logs from MW-7, which was installed at
175 m along the profile, indicate that the upper 16 m of the bore-
hole is highly fractured. Most of the fractures observed in bore-
hole-imaging logs strike east-northeast and west-southwest and
dip to the southeast and northwest.

Profiles L-08 and L-09 are downgradient and southeast of
a suspected contaminant source on the southern side of the radar
tracking station on Howard Mountain. From the GPR data, the
depth to bedrock is interpreted to be 0.5 to 0.9 m below land sur-
face. The bedrock surface is interpreted as being discontinuous
along both profiles, and many reflectors from within the bed-
rock are interpreted to 2 or 3 m below the overburden-bedrock
interface. The depth to bedrock interpreted from the seismic
refraction tomography inversions varies from 1.9 to 4.0 m
across the profiles.

Combined interpretation of GPR and seismic-refraction
tomography data on profile L-08 identified three zones of high-
amplitude reflectors and low seismic velocity at distances of
110 to 125 m (at a depth of about 7 m), 140 to 155 m (at a depth
of about 7 m), and 210 to 215 m (at a depth of about 3 m) along
the profile. Collectively, these characteristics are indicative of
fractured zones in the bedrock. Borehole-geophysical logs from
MW-8b, installed at a distance of 205 m along profile L-08,
indicate there is a change in rock type at a depth of about 6 m
below land surface. Borehole-imaging logs indicate that the
bedrock is densely and uniformly fractured, and the open frac-
tures strike to the northeast and dip to the southeast.

For profile L-09, zones of high amplitude reflections in the
bedrock on the GPR profile correspond to thicker areas of lower
velocities on the tomographic model at distances of 105 to 120
m, 145 to 165 m, and 175 to 200 m along the profile; these zones
are interpreted as areas of highly fractured bedrock near the sur-
face. Borehole-geophysical logs from MW-9, installed at a dis-
tance of 200 m along the profile, indicate highly fractured rock
in the top of the borehole and a change in rock type at a depth
of 23 m, which is deeper than the depth of investigation of the
surface-geophysical methods used for this investigation. Bore-
hole-imaging methods determined that the open fractures strike

east and dip to the south and strike to the southwest and dip to
the northwest.

Profile L-14 is southeast and downgradient from a sus-
pected contaminant source on Miller Mountain. From the GPR
data, the depth to bedrock is interpreted as ranging from 2.5 to
3 m along the profile. The bedrock interface is discontinuous
and somewhat irregular, and reflections from within the bed-
rock are visible for 1 to 2 m below the overburden-bedrock
interface. Interpretation of the seismic-tomography profiles
indicates that the thickness of the overburden varies from 1 and
8 m across the profile.

Integrated interpretation of the GPR and seismic data on
profile L-14 shows that a zone of high-amplitude reflections in
the bedrock between about 130 and 145 m on the GPR profile
corresponds to an area of lower velocities on the seismic-tomo-
graphic model at a distance of about 137 to 152 m along the pro-
file. This zone is interpreted as an area of substantially fractured
bedrock. Borehole-geophysical logs from MW-14, installed at
a distance of 152 m along the profile, indicate that the bedrock
is densely and uniformly fractured to a depth of about 23 m
below land surface. Borehole-imaging logs indicate that the
open fractures dip to the southwest to west-southwest.

Profile TW-1 is north of Howard Mountain and the radar
tracking station. It was used to look for ground-water produc-
tion zones within the overburden and bedrock. The depth to
bedrock is interpreted to be about 15 m along the seismic-tomo-
graphic profile, consistent with the location of the profile in a
valley. Borehole-geophysical logs from TW-1, installed at a
distance of 185 m, indicate that the open features dip predomi-
nantly east to southeast.

Evaluation of Geophysical Methods

During evaluation of the surface-geophysical methods in
February 2003, up to 1 m of snow was present in the area,
although most of the profile lines were plowed. The surveys
were collected during a week of extremely cold weather. In gen-
eral, snow on the ground had no negative effects on the surface-
geophysical surveys. In fact, the snow was advantageous for
GPR surveys because snow provides excellent coupling of the
GPR antennas with the ground. The smoother surface of snow
relative to the rougher ground surface and the resistive proper-
ties of ice aided in antenna-ground coupling. Snow depth did
affect the interpretation of depths on the GPR data profiles, so
snow depth should be measured on GPR profile lines. For seis-
mic methods, packed snow was satisfactory for coupling the
geophones to the ground. Buried ice mounts also were success-
ful, though rarely used because packing snow around the geo-
phones and mounting them flush with the surrounding snow
cover was satisfactory.

The extreme cold temperatures during the data collection
negatively affected the surface-geophysical equipment. With
average daily temperatures below 0 degrees C, one of the GPR
systems had substantial problems with the fiber-optic cables
and the control unit freezing. Such extreme cold rendered the



fiber-optic cables on the unshielded GPR system inoperable,
and therefore, it was not possible to conduct common mid-point
(CMP) surveys for this study. Use of GPR systems without
fiber-optic cables could help avoid this problem. The GPR sys-
tem used in this study was chosen for use, however, because of
its compatibility with global-positioning system (GPS) refer-
encing equipment and for its shielded antennas, which were
used to minimize noise in the GPR record and are less suscepti-
ble to extreme cold temperatures.

Cold temperatures and snow had no effect on the GEM2,
EM-31, and EM-34 instruments. GEM-2, EM-31, and EM-34
instrument responses, however, were adversely affected by a
very-low frequency transmitter station across the bay in Cutler,
Maine, and by the low terrain conductivities characteristic of
this part of northeastern Maine. The transmitter at the Naval
Computer and Telecommunications Station has an output
power of 2 million watts and operates in a frequency range of
14 to 60 kHz, which saturated the receiver coils of the instru-
ments. This interference, coupled with low conductivity condi-
tions of the site, resulted in poor-quality data that could not be
interpreted. Although not effective for estimating depth to bed-
rock, the EM-31 and EM-34 are useful for finding lateral varia-
tions in conductivity, conductive bodies, or fractures filled with
conductive fluids. During this investigation, the GEM-2 was
determined to be better for locating anomalous metallic objects
and conductive anomalies rather than for geologic mapping.

The GPR method generally worked well for this study.
Interpretation of the GPR data was used to identify the weath-
ered bedrock surface; discontinuous, irregular reflectors off of
the bedrock surface that might indicate the presence of highly
fractured zones; and reflections in the subsurface from weather-
ing, fractures, or fracture zones. GPR data collection was fast
and relatively easy. The resolution of the GPR data was esti-
mated to be about 0.25 m. The 100-MHz (megahertz) antenna
was effective for imaging reflections off of fractures within the
bedrock to depths of 10 to 12 m below land surface. Although
the reflection off the bedrock surface would have been better
resolved by using a higher frequency antenna, it would have
been at the expense of reducing the depth of penetration of the
radar signal. The best solution may have been to use antennas
of different frequencies (100, 250, and 400 MHz) to resolve
both the bedrock surface and deeper features, and to use sepa-
rate antennas to increase the offset between the transmitter and
receiver and to permit CMP measurements for EM velocity esti-
mates. Simultaneous collection of GPR and GPS data was suc-
cessful in providing accurate antenna location information with
little noise in the GPS data.

The seismic-refraction data were interpreted with models
produced by SIPT?2 earth-layer inversions and tomographic
inversions. The depth of the investigation limit of the seismic
models typically was about 15 m. The SIPT2 models identified
refractions at layer boundaries, such as between unsaturated and
saturated layers and between overburden and bedrock. In most
cases, the depth to bedrock identified by seismic refraction was
deeper than the depth to bedrock identified in borehole-velocity
surveys, core logs, and GPR surveys.
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The tomographic inversions overcame problems associ-
ated with gradual contacts, hidden layers, blind zones, lateral
velocity changes, and discontinuous layers that hamper earth-
layer models. The tomography, however, requires borehole-
velocity data to help interpret the model. Moreover, the tomog-
raphy solution cannot directly define the bedrock surface but
rather provides a gradation of velocity contours from which the
bedrock surface can be determined. The resolution of the seis-
mic-tomography models is estimated to be about 3 m.

For the GPR profiles, the interpreted depth to bedrock at
the location of the borehole generally is a little less than the
depth to weathered bedrock observed in the drilling logs. The
depths to competent bedrock interpreted from the seismic-
tomography inversions are close to the depths to competent
bedrock interpreted from the borehole-velocity surveys, and in
most cases, several meters deeper than the depth to competent
bedrock from the drilling logs.

On the GPR profiles, the bedrock surface is interpreted as
having discontinuities or as being fairly nonuniform. Many
reflectors were observed from within the bedrock in the first
few meters below the bedrock interface, which is interpreted as
an area of more fractured or weathered bedrock. Within each
profile, there are zones that are interpreted as highly fractured
bedrock. A few reflectors also were observed to depths of 7 or
10 m below land surface on each of the profiles. In many of the
profiles, combined interpretation of the GPR and seismic data
indicate that areas interpreted as being especially fractured on
the GPR profiles correspond to zones of lower velocities on the
seismic profiles.

Using GPR and seismic refraction together in an integrated
fashion aided in optimizing the location of exploratory bore-
holes. On profile L-06, a borehole was proposed to be drilled at
approximately 235 m along the profile to intersect the zone with
the near-vertical fracture observed to 12 m below land surface;
however, an alternative location was chosen for the drilling. On
profile L-08, a borehole was proposed to be drilled to intersect
bedrock fractures interpreted at 110 to 125 m along the profile,
but an alternative location was chosen. Boreholes MW-4, MW-
6, MW-14, and TW-1 were drilled in areas where the seismic-
tomography models indicated lateral changes in velocity of the
underlying bedrock. Borehole MW-8b was drilled at 205 m
along the profile to target dipping reflectors in the bedrock.
MW-4 was drilled in an area where bedrock was modeled as a
slight topographic low with lateral changes in velocity, and
MW-14 was drilled where a broad zone of relatively low veloc-
ity (less than 3,500 m/s) was observed.

This investigation demonstrated the successful use and
collective application of multiple surface-geophysical methods
to characterize subsurface fractures, which might serve as path-
ways for contaminant transport, near a formerly used defense
site. The results should be useful to site investigators and envi-
ronmental regulators to improve site characterization and to
refine the conceptual ground-water-flow model for the site. In
addition, the results may prove helpful for selecting appropriate
surface-geophysical equipment and methods of interpretation in
future fractured-rock investigations.
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